Objective: We aimed at evaluating whether the addition of low-dose metformin to dietary treatment could be an effective approach in nondiabetic patients with nonalcoholic fatty liver disease (NAFLD). Methods: We carried out a 6-month prospective study in a series of overweight or obese patients with ultrasonographic diagnosis of hepatic steatosis. In total, 50 patients were enrolled and randomized into two groups: the first group (n ¼ 25) was given metformin (1 g per day) plus dietary treatment and the second group (n ¼ 25) was given dietary treatment alone. Results: At the end of the study, the proportion of patients with echographic evidence of fatty liver was reduced in both the metformin (Po0.0001) and the diet group (P ¼ 0.029). Moreover, patient body mass index and waist circumference significantly decreased in both groups (Po0.001). Fasting glucose, insulin resistance (evaluated as homeostasis model assessment of insulin resistance (HOMA-IR)) and serum adiponectin decreased in both groups, although these changes reached statistical significance only in the metformin group. In this group, HOMA-IR decreased from 3.3±1.6 to 2.4±1.2 (P ¼ 0.003), whereas it decreased from 3.2 ± 1.6 to 2.8 ± 1.1 (not significant, NS) in the diet group. Similarly, the proportion of patients with impaired fasting glucose declined from 35 to 5% (P ¼ 0.04) in the metformin and from 32 to 12% (NS) in the diet group. At baseline, B40% of patients in both groups met the diagnostic criteria of metabolic syndrome. This proportion decreased to 20% in the metformin group (P ¼ 0.008) and to 32% in the diet group (NS). Conclusions: In our 6-month prospective study, both low-dose metformin and dietary treatment alone ameliorated liver steatosis and metabolic derangements in patients with NAFLD. However, metformin was more effective than dietary treatment alone in normalizing several metabolic parameters in these patients.
Introduction
Nonalcoholic fatty liver disease (NAFLD) is the most common cause of elevated liver enzymes and also one of the most common forms of liver disease in the world. It is now estimated to affect about 20-30% of people in Italy and other Western countries. In contrast, the prevalence of chronic hepatitis C virus infection is estimated at 3% of the world's population. 1 NAFLD includes a broad spectrum of liver alterations, ranging from pure steatosis to cirrhosis, and nonalcoholic steatohepatitis (NASH). NAFLD is characterized by liver damage and functional impairment similar to those observed in alcoholic liver disease, although occurring in patients who do not drink or drink only a moderate amount of alcohol. 2 NAFLD occurs in 60-95% patients with obesity, in 28-55% patients with type 2 diabetes mellitus (T2DM) and in 27-92% patients with dyslipidemia. 3 Insulin resistance with compensatory hyperinsulinemia is the common denominator of obesity, T2DM and dyslipidemia, and is believed to have a pathogenetic role in NAFLD.
Accordingly, it has been reported that insulin resistance is the single laboratory finding most closely associated with NAFLD in a large series of patients, irrespective of body mass index (BMI), fat distribution or glucose tolerance. 4 Indeed, NAFLD has been recently proposed as an additional feature of the metabolic syndrome (MS). 5 Moreover, cytokines have a pivotal role in pathogenesis and progression of NAFLD. For this reason, in the present study we evaluated changes in circulating levels of adiponectin that seems to be a protective factor in liver inflammation and fibrosis. 6 The therapeutical approach of NAFLD is currently based on lifestyle intervention, whereas there is no consensus on an effective pharmacological treatment. Several drugs (insulin sensitizers, hepatoprotective agents and lipid-lowering drugs) 5, 7 have been evaluated as potential therapeutical agents, but results are inconclusive. In view of the fact that insulin resistance is the key metabolic abnormality in NAFLD, insulin-sensitizing agents such as peroxisome proliferator-activated receptor-g agonists belonging to the thiazolidinediones class and metformin, have been recently proposed as a rational therapeutic strategy in NAFLD.
Three small trials and one large randomized placebocontrolled trial have evaluated thiazolidinedione pioglitazone in the treatment of NAFLD. [8] [9] [10] [11] The small trials reported an improvement in insulin sensitivity and in alanine transaminase (ALT) levels. The larger randomized study showed that treatment with pioglitazone was associated with a significant improvement in ALT, hepatic fat content and insulin sensitivity as compared with placebo. Three additional trials, two open-label and one placebocontrolled, have evaluated the effect of a second thiazolidinedione, rosiglitazone. [12] [13] [14] All these studies have reported a significant decrease in ALT and a histological improvement of liver disease. However, thiazolidinediones may have significant side effects, and long-term safety is yet to be established. 12, 15 Some studies have provided evidence supporting beneficial effects of metformin in patients with NAFLD. However, most of them have involved small groups of patients and have been designed as single-arm trials. [15] [16] [17] [18] [19] The use of metformin in NAFLD patients was associated with a reduction in serum aminotransferase levels in three singlearm trials and with a statistically significant amelioration in liver histology in one of these studies. Only two small randomized studies compared the efficacy of metformin versus diet in NAFLD, overweight or obese, diabetic patients. 15, 17 These studies have reported amelioration of liver function tests in the metformin and diet group, but the reduction was not as significant in the diet group as in the metformin group, and they have not shown the superiority of metformin versus dietary treatment on liver histology. In fact, only one of two studies evaluated hepatic histology, and did not find significant changes in histology. 17 A recent randomized controlled trial of metformin versus vitamin E versus dietary treatment, reported a greater reduction of liver aminotransferases and a greater overall improvement of metabolic parameters in patients treated with metformin. 18 Although encouraging, these results are far from being conclusive. In fact, most of these studies have involved small series of patients, had short treatment period and were not well controlled. Moreover long-term benefits and histological benefit are not shown. In the present prospective, randomized study, we compared the efficacy of low-dose metformin plus dietary treatment versus dietary treatment alone in 50 NAFLD patients during a period of 6 months. We found that both treatments ameliorated liver steatosis and metabolic derangements. However, metformin was more effective than dietary treatment alone in normalizing several metabolic parameters in NAFLD patients.
Materials and methods

Patients
The study was carried out in 50 patients with BMI4 25 kg m À2 and diagnosis of liver steatosis at ultrasonography (US). Patients were recruited, from July 2006 to January 2008, among those referred to the Endocrine Unit of University 'Magna Graecia' of Catanzaro for treatment of obesity or overweight. We excluded patients with evidence of heart disease, renal failure and diabetes, even if newly discovered. Exclusion criteria also included smoking habits, alcohol intake of more 20 g per day, signs of hepatic virus infection (patients were tested for hepatitis B antigen or hepatitis C antibodies), the presence of clinical or biochemical evidence of autoimmune, metabolic or genetic liver diseases and use of drugs known to induce liver steatosis (for example, valproato, prednisone, amiodarone, calcium-channel blockers, cocaine and tamoxifen). Notably, circulating values of aminotransferases were in the normal range. All subjects gave a written informed consent to take part to the study.
Patients were randomized into two groups. The first group (25 patients) was given metformin (1000 mg per day) plus hypocaloric (1300 kcal) diet, the second group (25 patients) was given dietary treatment alone. Metformin was started at a dose of 250 mg twice a day and it was increased after a week to the final dose of 500 mg twice a day, to reduce gastrointestinal side effects. Both groups were treated for 6 months. Primary end points of this study were liver steatosis amelioration or disappearance, as evaluated by US. Secondary end points included amelioration of the metabolic derangements associated with liver steatosis evaluated as BMI, waist circumference, homeostasis model assessment (HOMA)-Index, fasting glucose, lipid profile, aspartate aminotransferase, ALT and circulating adiponectin.
All patients had a complete clinical, anthropometric and laboratory investigation at baseline. Patients were carefully interviewed to obtain a social and family history, and anthropometric data were obtained (height, waist, hip circumference and weight). BMI was calculated as body weight in kg divided by the square of the patient' s height in m. Waist-to-hip ratio was calculated as an index of splanchnic fat. ) and obese (BMI X30 kg m À2 ) as previously described. 24 Men and women with waist circumference values of at least 94 and 80 cm, respectively, were considered to be affected by central obesity. 25 Patients were considered hypertensive if the systolic blood pressure was 130 mm Hg or greater and/or a diastolic blood pressure of 85 mm Hg or greater, or if they were using antihypertensive drugs, according to the guidelines of the Joint National Committee on Prevention, Detection, Evaluation and Treatment of High Blood Pressure. 26 Impaired fasting glucose (IFG) level was defined as a fasting plasma glucose level of 100 mg per 100 ml or greater (5.6 mmol l
À1
), but less than 126 mg per 100 ml (o7.0 mmol l
). 27 Hypertriglyceridemia and low highdensity lipoprotein cholesterol level were defined according to the Adult Treatment Panel III (ATP III) of the National Cholesterol Education Program guidelines (triglyceride level 4150 mg per 100 ml; high-density lipoprotein cholesterol level, o40 mg per 100 ml men or o50 mg per 100 ml (o1.3 mmol l
) in women). 28 A diagnosis of MS required fulfilment of at least three criteria. 25 
Statistical analysis
All study variables were treated as continuous variables. Summary outcome measures were reported as mean ± s.d. Statistical differences of laboratory and clinical variables between the two treatment groups at baseline were evaluated by the Student's t-test. The w 2 -test or Fisher test was used to compare the frequency data. One-way analysis of variance (ANOVA) and post hoc Bonferroni's test were used to evaluate intragroup differences over the treatment period (baseline, 8 weeks, 16 weeks and 24 weeks). Logistic regression analysis was used to examine independent factors associated with NAFLD amelioration. A P-value o0.05 was considered statistically significant.
Data analysis was performed using the statistical package SPSS version 11.0 for Windows (SPSS, Chicago, IL, USA).
Review of previous studies using metformin in NAFLD/NASH patients To identify all the trials evaluating the efficacy of metformin in NAFLD, we searched MEDLINE for studies that focused on the use of metformin in adult NAFLD/NASH patients. We also checked the reference list of any original article and review found in MEDLINE regarding therapy for NAFLD/ NASH patients. The search was limited to English-language articles. In total, we found nine studies complying with our searching criteria (Table 4) .
Results
In total, 20 patients (2 males and 18 females) randomized to metformin treatment (metformin group) and 25 patients (5 males and 20 females) randomized to dietary intervention alone (diet group) completed 6 months of treatment. Five patients (all in the metformin group) dropped out because of noncompliance to the treatment (three patients after 2 months and one patient after 4 months because of change of residence, and one patient after 5 months because of pregnancy).
At baseline, the two treatment groups showed similar clinical and biochemical variables (Table 1 ). In particular, all patients were either overweight (10 of 45 ¼ 22.2%) or obese (35 of 45 ¼ 77.8%). BMI was 36.5 ± 4.9 kg m À2 in the metformin group and 34.7±3.5 kg m À2 in the diet group (Table 1 ). All patients were affected by central obesity, that is, the mean value of waist circumference was 108.4 ± 12.5 cm in the metformin group and 102.8 ± 8.8 cm in the diet group.
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Mean serum concentrations of fasting glucose and insulin were at the upper limit of normal values in both groups. IFG was present in 15 patients (7 in the metformin and 8 in the diet group) and impaired glucose tolerance was present in 6 patients (3 in the metformin and 3 in the diet group). The great majority of patients in both groups were clearly insulin resistant. Mean post-oral glucose tolerance test insulin concentration was equally increased in both groups (76.5± 53.7 and 85.1±90.5 mU ml À1 , respectively, in the metformin and in the diet group) and 27 patients (12 in the metformin and 15 in the diet group) showed a concentration of 450 mU ml À1 . Mean HOMA-IR values were also increased in both groups (Table 1) . A HOMA-IR value 41.5 was observed in 37 patients (15 in the metformin and 22 in the diet group). However, only six patients (four in the metformin and two in the diet group) showed basal hyperinsulinemia (insulin 425 mU ml
À1
). Serum aspartate aminotransferase and ALT were within the normal range. Only two patients presented a mild elevation in serum concentration of aminotransferases, one in the metformin group and one in the diet group.
Low-density lipoprotein cholesterol and PCR values were either at the upper limit of the normal range or slightly increased. MS, as defined by the ATP III criteria, was present in 45% and in 36% of patients in the metformin and in the diet group, respectively (Table 1) .
At the end of the study period, BMI significantly decreased in both treatment groups. In the metformin group, it decreased from 36.5 ± 4.9 to 33.3 ± 5.4 kg m À2 (P ¼ 0.0001), whereas in the diet group, it decreased from 34.7 ± 3.5 to 32.9±3.6 kg m À2 (P ¼ 0.0001). The mean weight loss in patients on metformin was 8 kg (P ¼ 0.0001), whereas in patients on diet alone it was 5 kg (P ¼ 0.0001). In both groups, weight loss was maximal during the first 2-3 months and then progressively declined during the last 3 months of treatment ( Figure 1 ). Waist circumference also progressively and significantly decreased both in the metformin group (108.4±12.7 versus 101.4 ± 12.7 cm, basal versus final, P ¼ 0.0009) and in diet group (102.8 ± 8.8 versus 95.6 ± 8.5 cm, basal versus final, P ¼ 0.0001) ( Tables 2 and 3) .
Fasting glucose, basal serum insulin and HOMA-IR index values decreased in both groups. However, differences both in fasting glucose (from 92.4±9.9 to 89.1±9.3 mg per 100 ml, P ¼ 0.04) and HOMA-IR index (from 3.3 ± 1.6 to 2.4 ± 1.2, P ¼ 0.003) reached statistical significance only in the metformin group (Table 2 and Figure 2 ). HOMA-IR index Metformin versus diet in NAFLD GA Garinis et al improved markedly after the first 8 weeks of metformin treatment (Table 2 and Figure 2 ). At baseline, IFG was present in 7 of 20 (35%) patients of the metformin group and in 8 of 25 (32%) of the diet group. At final evaluation, IFG persisted in 1 of 20 (5%) patients of the metformin group (P ¼ 0.04, final versus baseline) and in 3 of 25 (12%) patients of the diet group (P ¼ 0.17, final versus baseline) (Figure 3) .
At baseline, impaired glucose tolerance was present in 3 of 20 (15%) patients of the metformin group and in 3 of 25 (12%) of the diet group. At final evaluation, impaired glucose tolerance persisted in two patients of the metformin group (not significant) and in all three patients of the diet group.
High-density lipoprotein cholesterol and triglyceride serum concentrations decreased in both treatment groups, but differences did not reach statistical significance.
At baseline, 8 of 20 (40%) patients of the metformin group and 9 of 25 (36%) of the diet group met the diagnostic criteria for MS. At the end of study, patients with this diagnosis were reduced to 4 of 20 (20%) in the metformin group (P ¼ 0.008, final versus baseline) and to 8 of 25 (32%) in the diet group (P ¼ 0.9, final versus baseline) (Figure 3 ). 
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Liver steatosis, as evaluated by US, improved/disappeared in 5 of 20 (25%) patients of the metformin group (Po0.0001, final versus baseline) and in 6 of 25 (24%) patients of the diet group (P ¼ 0.029, final versus baseline). In particular, in the metformin group, liver steatosis changed from moderate to mild grade in two patients and disappeared in three patients, whereas in the diet group, it changed from moderate to mild grade in five patients and disappeared in one.
Plasma adiponectin measurement was available in 12 patients of the metformin group and in 19 patients of the diet group. Adiponectin increased in both groups, although this increase reached statistical significance only in the metformin group (from 5.8 ± 2.7 to 7.0 ± 3.3 mg ml According to logistic regression analysis, no clinical/ biochemical feature at baseline or a specific treatment group was independently associated with improvement/disappearance of liver steatosis. Covariates included gender, age (450 years), BMI (X30 kg m À2 ), waist circumference (X94 cm in men and X80 cm in women), diastolic blood pressure (X85 mm Hg), systolic blood pressure (X130 mm Hg), fasting glucose (X100 mg per 100 ml), triglycerides (X150 mg per 100 ml), high-density lipoprotein (o40 mg per 100 ml in men or o50 mg per 100 ml in women), HOMA-IR index (X1.5) and group of treatment (data not shown).
Review of previous studies using metformin in NAFLD/NASH patients From a review of the English-language articles, we found nine studies using metformin in adult patients with NAFLD or NASH. Five of them were randomized and only one placebo controlled. One study was multicentric. Most studies included diabetic patients and/or patients with NASH and/or elevated aminotransferases. Only one small open-label, 
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GA Garinis et al single-arm study used 1 g per day metformin, whereas higher and variable doses of metformin were generally used. In two of these studies, metformin-treated patients were apparently not prescribed a diet. Monitoring of liver function and metabolic parameters was very variable. None measured adiponectin. The differential characteristics of these studies are reported in Table 4 .
Discussion
In the present study, we evaluated the efficacy of a pharmacological treatment with low-dose metformin as compared with dietary measures alone in obese, nondiabetic patients with NAFLD in a prospective, randomized study. We found that metformin therapy was associated with an improvement or disappearance of hepatic steatosis, although it was not significantly more effective than diet alone. However, metformin treatment was also associated with a significantly greater amelioration of a number of metabolic parameters, as compared with diet alone. In fact, metformin increased insulin sensitivity and reduced fasting glucose more effectively than diet alone. At baseline, IFG was found in B35% of NAFLD patients in both groups. At the end of the study, it disappeared in 86% of patients of the metformin group and only in 62% of patients of the diet group. Metformin treatment was also significantly more effective than diet alone in reducing the proportion of patients who met the diagnostic criteria of MS. The proportion of patients with this diagnosis decreased from 40 to 20% in the metformin group (P ¼ 0.0008) and only from 36 to 32% in the diet group (P ¼ 0.9). This result is important given the high proportion of patients diagnosed with MS in our series of NAFLD patients and the potential of MS to increase the risk for T2DM and cardiovascular diseases. 29, 30 Accordingly, NAFLD itself is strongly and independently associated with increased risk of T2DM and cardiovascular disease.
29
The first-line approach to NAFLD is currently based on diet and lifestyle modification. Several studies have suggested that weight loss may have beneficial effects in NAFLD and NASH patients. The majority of these studies have found an improvement in liver biochemistry profile after weight loss. 28, [31] [32] [33] [34] [35] However, most of these studies are nonrandomized and short term. Therefore, the paucity of data makes it difficult to produce evidence-based recommendations about dietary modifications and exercise in NAFLD patients. Moreover, dietary treatment is limited by the lack of compliance and the frequent regain of weight at follow-up. Metformin versus diet in NAFLD GA Garinis et al A pharmacological treatment in patients with NAFLD is not recommended yet. Because insulin resistance is nearly universal in patients with NASH, it is not surprising that several studies have evaluated insulin sensitizers as a possible treatment. However, a large number of them are proof-ofconcept studies with small number of patients and with no rigorous study design, making it difficult to make definite recommendations. Biguanides (metformin) and thiazolidinediones (pioglitazone and rosiglitazone) are the two classes of insulin sensitizers studied in humans. 5 Literature supports a potential therapeutic role of metformin in NAFLD. Metformin decreases hepatic glucose output, increases glucose utilization in peripheral tissues and has an antilipolytic effect, reducing serum-free fatty acid concentrations. 36 Although the exact mechanism of action of metformin is not yet fully elucidated, it is known that several metabolic effects of metformin are mediated through the activation of LKB1 kinase in liver, leading to upregulation of adenosine monophosphate-activated protein kinase (AMPK), a master regulator of glucose metabolism. 37 Activation of AMPK by metformin, not only inhibits gluconeogenesis by inducing the dissociation of the CREB-CBP-TORC2 trascriptional complex and transcriptional inhibition of key enzymes 38 but also inhibits the sterol regulatory element-binding protein-1c, which is a major regulator of fatty acid synthesis and is inappropriately increased in liver of NAFLD patients. 39 Unlike other insulin sensitizers, such as thiazolidinediones, whose side effects may raise concern, the long-term safety of metformin is well established. 12, 29, 40 Our present findings are in agreement with results of Bugianesi et al., 18 who reported that metformin was more efficacious than dietary treatment on metabolic parameters in NAFLD patients and of Haukeland et al.
41
, who found that the use of metformin was associated with weight loss and amelioration in the metabolic profile in NAFLD patients. Other studies have also found a beneficial effect of metformin on metabolic parameters, [15] [16] [17] 41 and on liver enzymes and histology in NAFLD patients. 16 Bugianesi et al. 18 reported a greater improvement in liver enzymes and in histological features with metformin, as compared with diet alone or vitamin E. However, a recent 24-month observational study in pediatric patients by the same group was unable to confirm this greater efficacy of metformin as compared with lifestyle intervention. 19 Our prospective and randomized study differs from previous studies in many features (Table 4 ) and provides novel information. At variance with previous studies that included both nondiabetic and also diabetic patients, 16, 18, 37 we enrolled exclusively nondiabetic overweight/obese adult patients. This is a very important point because diabetes is the only independent variable associated with advancedstage NAFLD. 42 Moreover, all our patients were asymptomatic and with normal values of liver enzymes. In contrast, most previous studies have dealt with patients with clinical symptoms and elevated ALT (Table 4) . Therefore, we focused on an early stage of the disease. It is, however, well known that serum transaminases may be normal in patients with histologically proven NAFLD and are not useful for making this diagnosis. 42, 43 We also clearly showed that a low metformin dose (1 g per day) is sufficient to induce clinically significant beneficial effects on metabolic parameters. These effects are greater than those observed with diet alone, in spite of similar weight loss in the two groups. This metformin dose is lower than that used in other studies [16] [17] [18] and it was extremely well tolerated by all our patients. Although the possibility exists that a higher metformin dose could be more effective, this should be balanced against an increased rate of side effects and drop out. Moreover, a recent meta-analysis showed that a metformin dose of 500-750 mg per day was apparently as effective as 1700 mg per day in preventing the progression of prediabetes to overt T2DM. 44 Finally, we observed that metformin led to a significant increase of plasma adiponectin levels, whereas diet alone led to a nonsignificant adiponectin increase. These results are in line with the greater amelioration of insulin sensitivity we observed in the metformin group as compared with the diet group and suggest a possible role of this cytokine as a future noninvasive marker of NAFLD treatment. Clearly, larger studies are needed to confirm this data.
Recent studies have reported that adiponectin activates AMPK, 45 has anti-inflammatory effects in liver and prevents lipid accumulation by increasing b-oxidation of free fatty acids and/or by decreasing de novo free fatty acids within hepatocytes, through the downregulation of sterol regulatory element-binding protein-1. 6 Our findings, therefore, may support the hypothesis that metformin activates AMPK both directly and indirectly, through adiponectin. In turn, AMPK downregulates sterol regulatory element-binding protein-1 and decreases liver steatosis. Although liver biopsy is still considered the gold standard for distinguishing between the broad range of chronic liver diseases, 46 the fact that we did not use liver biopsy to monitor NAFLD should not be regarded as a serious limitation. Several reasons, including ethical reasons, accounted for this choice. First, our patients were not eligible to liver biopsy. In fact, liver biopsy is not recommended in NAFLD patients, because of its cost, the potential risk of bleeding and the absence of consensus regarding the histopatological criteria that firmly define NASH and differentiate between NAFLD entities. 47, 48 Accordingly, a repeated liver biopsy after a short-term therapeutic trial is considered too invasive, especially because valid surrogate markers are available. 7 In a recent study, US showed a high sensitivity (91.7%) and specificity (100%) in detecting fatty liver 49 , and a recent review confirmed that US can accurately identify steatosis with a sensitivity and a specificity of 80-100%. 46 Moreover, the accuracy of US in detecting steatosis is not affected by obesity. 43 One limitation of US is to be somewhat operator-dependent when used for evaluating small changes in liver fat with time. 50 To circumvent this limitation, all US examinations were carried out by a single Another potential US limitation is its relative insensitivity in detecting hepatic steatosis when liver fibrosis is present. However, our patients were asymptomatic, nondiabetic and showed normal liver enzymes. They had, therefore, no features predicting liver fibrosis. Finally, a recent prospective study 51 evaluated US accuracy in NAFLD patients undergoing liver biopsy. US had a high sensitivity (100%) and specificity (90%) in these patients, especially when the total area of hepatocytes with steatosis exceeded 20%. At lower levels of fat content, although the sensitivity was significantly reduced, the specificity of US remained high, showing that serial US is an accurate tool for noninvasive monitoring of efficacy of interventions in NAFLD patients.
In conclusion, our study suggests that a low dose of metformin might be proposed to NAFLD patients, especially if they meet the diagnostic criteria of MS. However, longterm studies on a larger group of patients are needed to definitively determine the efficacy of metformin in ameliorating liver characteristics in NAFLD patients.
